Protein kinase C (PKC) positively modulates NMDA receptor (NMDAR) currents. In contrast to previous reports, this study determines the importance of individual exons in the mechanism underlying the potentiation process by examining the complete set of eight naturally occurring splice variants expressed in Xenopus oocytes both as homomers and as heteromeric NR1/NR2A or NR1/NR2B complexes. After PKC stimulation, homomeric currents demonstrated a high level of potentiation (ϳ500% of untreated baseline currents) that reduced to a lower level (ϳ300% of baseline) in variants containing the first C-terminal exon (C1). An ANOVA showed that only C1 and no other exon or interaction of exons determined the degree of NMDAR current modulation by PKC. When recordings were performed in solutions in which barium replaces calcium, only the lower form of potentiation was observed, regardless of the splice variant exon composition. This suggested an important role for calcium in the PKC modulation of homomeric NMDA splice variant currents in which the C1 exon also participates. The effectiveness of the C1 exon to reduce the higher form of potentiation is modulated by heteromeric assemblies with NR2A heteromers yielding smaller levels of potentiation and a larger C1 exon effect compared with NR2B heteromers. The heteromers demonstrated the higher form of potentiation even in the absence of calcium. Furthermore, calcium had different effects in the potentiation of the heteromers depending on the NR2 subunit. This study refines the region of the NR1 subunit involved in a modulation crucial to the function of NMDA receptors and provides evidence that the NR2A and NR2B subunits realize this modulation differentially.
Protein kinase C (PKC) positively modulates NMDA receptor (NMDAR) currents. In contrast to previous reports, this study determines the importance of individual exons in the mechanism underlying the potentiation process by examining the complete set of eight naturally occurring splice variants expressed in Xenopus oocytes both as homomers and as heteromeric NR1/NR2A or NR1/NR2B complexes. After PKC stimulation, homomeric currents demonstrated a high level of potentiation (ϳ500% of untreated baseline currents) that reduced to a lower level (ϳ300% of baseline) in variants containing the first C-terminal exon (C1). An ANOVA showed that only C1 and no other exon or interaction of exons determined the degree of NMDAR current modulation by PKC. When recordings were performed in solutions in which barium replaces calcium, only the lower form of potentiation was observed, regardless of the splice variant exon composition. This suggested an important role for calcium in the PKC modulation of homomeric NMDA splice variant currents in which the C1 exon also participates. The effectiveness of the C1 exon to reduce the higher form of potentiation is modulated by heteromeric assemblies with NR2A heteromers yielding smaller levels of potentiation and a larger C1 exon effect compared with NR2B heteromers. The heteromers demonstrated the higher form of potentiation even in the absence of calcium. Furthermore, calcium had different effects in the potentiation of the heteromers depending on the NR2 subunit. This study refines the region of the NR1 subunit involved in a modulation crucial to the function of NMDA receptors and provides evidence that the NR2A and NR2B subunits realize this modulation differentially.
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The NMDA subtype of glutamate receptor (NMDAR) sits at the crux of several processes critical to nervous system function, including activity-dependent forms of synaptic plasticity such as dendritic refinement in synaptogenesis (Collingridge and Singer, 1990; Constantine-Paton et al., 1990 ) and long-term potentiation (Bliss and Collingridge, 1993; Nicholl and Malenka, 1995; Tsien et al., 1996) . Protein kinase C (PKC) positively modulates NMDAR currents in rat dorsal horn neurons (Gerber et al., 1989) , dentate (Obokata et al., 1997) and CA1 neurons (Lozovaya and K lee, 1995) of rat hippocampal slices, and cultured trigeminal neurons Huang, 1991, 1992) . Currents expressed from oocytes injected with either total rat brain mRNA (Kelso et al., 1992; Urushihara et al., 1992) or with mRNA prepared from clones in vitro (Durand et al., 1993; Yamakura et al., 1993; Wagner and Leonard, 1996; Z heng et al., 1997) are similarly potentiated by phorbol application.
The gene encoding the necessary N R1 subunit contains three exons that are alternatively spliced to form eight distinct subunit variants (Durand et al., 1993; Hollmann et al., 1993; Zukin and Bennett, 1995) . When injected into Xenopus oocytes, these subunits are able to form f unctional homomeric channels, each exhibiting unique pharmacological (Sugihara et al., 1992; Durand et al., 1993; Hollmann et al., 1993; Zheng et al., 1994; Traynelis et al., 1995) and functional profiles, including modulation by PKC (Durand et al., 1993; Zheng et al., 1997) . Native NMDARs are likely to exist in a heteromeric arrangement of NR1 subunits with two or more of the closely related NR2 subunits (NR2A-2D) (Monyer et al., 1992; Ishii et al., 1994) . Of the possible heteromeric arrangements, only NR2A and NR2B subunits are known to permit the PKC modulation of currents.
The molecular events underlying the PKC-induced potentiation of NMDAR currents remain elusive. Studies using biochemistry and immunohistochemistry have shown that PKC phosphorylates the NR1 and NR2 subunits directly (Tingley et al., 1993 (Tingley et al., , 1997 Ehlers et al., 1995; Hall and Soderling, 1997) . Serine residues located in the alternatively spliced C1 exon of the NR1 subunit are the most heavily phosphorylated component of the receptor (Tingley et al., 1993 (Tingley et al., , 1997 . Paradoxically, the presence of the C-terminal tail leads to smaller current potentiation (Durand et al., 1992 (Durand et al., , 1993 Zheng et al., 1997) . Domains of the NR2 subunits are also implicated in PKC modulation of NMDAR currents (Kutsuwada et al., 1992; Mori et al., 1993) . However, functional studies have failed to demonstrate the existence of any key residue in either NR1 or NR2 subunits which, when phosphorylated, results in current enhancement Sigel et al., 1994) . Potentiation of currents by PKC therefore could result either from direct phosphorylation of the receptor itself or by the activation of some process involving an associated regulatory protein.
In the present study, all eight splice variants were expressed as homomers and as NR1/NR2A and NR1/NR2B heteromers re-sulting in observations that differ quantitatively and qualitatively from previous results collected from a limited subset of variants (Durand et al., 1992 (Durand et al., , 1993 Z heng et al., 1997) . Importantly, this study provides strong evidence that the first C -terminal exon (C1) of the N R1 subunit is solely responsible for the modulation of PKC potentiation, with the absence of the C1 exon leading to a higher level of potentiation. This high degree of potentiation is dependent on calcium, suggesting a role for calcium-sensitive proteins in the potentiation of the homomers, but does not involve a "rapid calcium amplification" as proposed by Zheng et al. (1997) . In contrast to conclusions from previous studies (Durand et al., 1992 (Durand et al., , 1993 Z heng et al., 1997) , neither the N-terminal exon (N1) nor the second C -terminal exon (C2) participates in the potentiation of homomeric or heteromeric currents, and the degree of potentiation does not correlate with baseline current size. Furthermore, this study clearly demonstrates an unwritten assumption underlying all previous studies that exons do not interact to produce potentiation. The effectiveness of the C1 exon to reduce the higher form of potentiation is modulated by heteromeric assemblies with N R2A heteromers yielding smaller levels of potentiation and a larger C1 exon effect compared with NR2B heteromers. Such differential modulation may be critical to activity-dependent processing in the C NS.
MATERIALS AND METHODS
Splice variant nomenclature. Members of the N R1 subunit family are generated by a gene that contains 22 exons, three of which are alternative-spliced to generate eight possible variants: an N-terminal exon, E xon 5 (N1), which encodes for 21 amino acids, and two C -terminal exons, E xon 21 (C1) and E xon 22 (C2), which encode for 37 and 38 amino acids, respectively. The splicing event that removes C2 results in a new open reading frame that encodes a novel 22 amino acid sequence before reaching the new stop codon (Sugihara et al., 1992; Durand et al., 1993; Hollmann et al., 1993; Z heng et al., 1997) . The nomenclature is that used by Durand et al. (1993) in which a "0" or a "1" indicates the absence or presence, respectively, of an exon in the 5Ј-3Ј order N1, C1, C2. For example, the splice variant N R1-011 corresponds to the following exon arrangement: N1 absent, C1 present, C2 present. Note that an "X" is used to denote that the exon in the position marked by an X may either be present or absent. Thus, C1-containing variants will be marked as N R1-X1X.
cR NA synthesis. The cDNA clones encoding the N R1 splice variants (pNMDAR1-1a-pNMDAR1-4b) (Hollmann et al., 1993) and those encoding members of the N R2 gene family [pN R2A251 (N R2A) and pJS2B (N R2B)] (Monyer et al., 1992) were gifts from Dr. J. Boulter (Salk Institute, San Diego, CA). To generate f ull-length coding transcripts of the N R1 variants, the plasmid was linearized using either EcoRV or NheI, which cuts at the junction between the 3Ј untranslated region of the insert and the pBluescript SK (Ϫ) vector. The plasmid containing the cDNA for N R2A was linearized using EcoRI, whereas the N R2B-containing plasmid was linearized using NotI. The transcription reaction was performed using the mRNA capping kit from Stratagene (La Jolla, CA) in which a 10-fold molar excess of (5Ј)GpppG(5Ј) to GTP was included (Drummond et al., 1985) . The cap was used to protect the synthetic RNA from being rapidly degraded during injection into oocytes (Kreig and Melton, 1984) .
T3 RNA polymerase was used to transcribe sense RNA (except N R2B, T7) from 4 g of linearized plasmid treated with proteinase K . As a modification to the standard procedure suggested by Stratagene, all reactants were doubled, and 10 U of RNA polymerase was added to the reaction after the first half hour of incubation and the reaction was continued for another half hour. The purified cRNA pellet was resuspended in autoclaved double-distilled water (ddH 2 O) at a concentration of 0.1-0.25 g /ml. The cRNA was first checked on a 1.1% agarose gel containing 2.2 M formaldehyde and 1ϫ MOPS buffer (Maniatis et al., 1982) to assure integrity of the transcript and to estimate the amount of cRNA present.
Preparation of Xenopus ooc ytes. Oocytes were surgically removed from adult female Xenopus laevis frogs that were anesthetized before surgery with a 0.2% MS-222 (3-amino-benzoic acid ethylester) solution containing 0.2% sodium bicarbonate as a buffer. Follicular cells and connective tissue were removed by agitation in 2 mg /ml collagenase (type IA; Sigma, St. L ouis, MO) for 2 hr in C a 2ϩ -free solution (82.5 mM NaC l, 2 mM KC l, 1 mM MgC l 2 , 5 mM H EPES, pH 7.5). When 50% of the oocytes were denuded, the cells were washed extensively, and stages IV and V oocytes were selected. Healthy oocytes were injected with 50 -70 nl aqueous samples of 0.25-1.0 ng /nl in vitro-transcribed mRNA to form homomers, or cRNAs of appropriate N R1 and N R2 subunits were mixed in a 10:1 molar ratio to form heteromers. Injection was achieved using an automatic 10 l microdispenser (Drummond "Nanoject"; Broomall, PA) mounted on a micromanipulator. To allow the expression of the exogenous cRNA, injected oocytes were incubated 1-7 d at 20°C for homomers or 1-3 d for heteromers in the following medium: 96 mM NaC l, 2 mM KC l, 1.8 mM CaCl 2 , 1 mM MgC l 2 , 5 mM H EPES, 2.5 mM pyruvate, and 100 g /ml gentamicin. The dishes were kept in a humid atmosphere, and the solution was replaced at least once each day. Under these conditions the oocytes can be maintained in good health for up to 10 d. E xpressed channels were observable 2-3 d after injection and may be studied for an additional 7 d.
Recording solutions. E xperiments were performed in nominally Mg 2ϩ -free solutions in which the divalent cation composition was replaced entirely by either C aC l 2 (C OS) or BaC l 2 (BOS). These solutions contain 96 mM NaC l, 2 mM KC l, 5 mM H EPES, pH 7.5, and 2.8 mM of the replacing divalent cation. Omission of Mg 2ϩ ions has no effect on the PKC sensitivity of recombinant NMDARs (Wagner and Leonard, 1996) . Frozen 1 mM stock solutions of 12,13-phorbol ester dibutyrate (PDBu; Sigma) in dimethylsulfoxide (DMSO) were diluted in recording solution to yield a working concentration of 20 nM PDBu, 0.01% DMSO. A 400 mM stock solution of niflumic acid (N FA; Sigma) was prepared in DMSO and diluted to yield a working concentration of 200 M N FA, 0.005% DMSO in the following way: 500 l of the N FA stock (400 mM) was diluted into 50 ml of 50 mM NaOH with rigorous shaking. This was added to 880 ml of stirring ddH 2 O after which 250 l of 12N HC l, 50 ml of a 20ϫ stock solution of unbuffered saline (2 M NaC l and 400 mM KC l), 10 ml of a 100ϫ CaCl 2 stock (280 mM CaCl 2 ), and 10 ml of a 100ϫ H EPES buffer stock (100 mM H EPES, pH 7.5) were all added in the sequence given. The solution was adjusted to pH 7.5 and stored in a light-tight container at 4°C.
Electrophysiolog ical techniques. Currents were recorded with a Warner oocyte clamp (OC -725a) (Warner Instrument Corp., Hamden, C T) using two-electrode voltage-clamp techniques, and the data were collected and analyzed using PCL AM P software (Axon Instruments, Foster C ity, CA). The glass recording electrodes were pulled using a Flaming Brown micropipette puller (Sutter Instruments, Navato, CA) to resistances of 1-3 M⍀ and were filled with 3 mM KC l. Oocytes were recorded in a continuous flow chamber apparatus with a volume of 400 l. NMDA responses evoked using a 20 sec bath perf usion of agonist solution (recording solution containing 100 M NMDA and 100 M glycine) were recorded while the membrane was voltage clamped at Ϫ80 mV.
To examine the effect that PKC stimulation has on currents, oocytes were incubated for 8 min in the presence of PDBu (20 nM), which was followed by a 1 min wash before agonist application. The wash time is sufficient to clear the chamber of PDBu, although the chemical may still remain in the oocyte for some time afterward. Currents are elicited at 2 min time intervals after the wash to generate a time course for the peak current size after phorbol. For both baseline and potentiated currents, measurements were made 20 sec after the onset of the response was initiated. The degree of potentiation was expressed as a ratio of the current measured after stimulation by phorbol to the baseline current obtained before phorbol application. Because the degree of potentiation was dependent on the measured baseline current size, obtaining a stable baseline was of paramount importance. Only when the baseline did not differ more than Ϯ10% for two consecutive 8 min intervals (equivalent to the time of phorbol incubation) was it considered stable. The oocyte expression system demonstrates variation in terms of baseline current size as well as in the degree of modulation expressed by PKC activation. To compensate for this inherent variability, cRNA for each of the eight splice variants was injected into 20 -30 oocytes from the same batch or oocytes that were taken from the same frog. These methods compensate for individual variation expressed by a particular frog or batch of oocytes because these nonspecific effects will be realized across all eight of the splice variants.
Statistical considerations. Because the magnitude of the PKC potentiation shows both batch and frog dependence, all eight splice variants (either in homomeric or heteromeric configurations) were injected into Xenopus oocytes from the same frog. Recordings were made from all splice variants on a given day in a random order. Additionally, for the heteromeric data, to allow for the best comparison between recordings in calcium and barium, a particular splice variant was recorded in both conditions within a 2 hr time period. The data represent recordings from a minimum of three different frogs. In this way, the experiments were blocked for effects of time and frog, thus reducing their biasing the data set for any particular splice variant.
All of the data presented in the figures represent the means with the Standard Error of the Mean (ϮSEM). Statistical analysis was performed using the paired and unpaired Student's t test (Sigma Plot for Windows, V3; Jandel Scientific, San Rafael, CA) and a three-way ANOVA (Systat 6.0; SPSS Inc., Chicago, IL) in which the three exons were considered independent variables with two levels each (presence or absence) and the degree of potentiation was considered the dependent variable. The contribution that individual exons make to the variation in the degree of potentiation could be examined using this analysis. Additionally, the degree to which possible interactions between exons contribute to the variation could be examined. A four-way ANOVA (Systat 6.0) was also conducted in which the frog was considered an independent variable with three or four levels (depending on the number of frogs used in the study) in addition to the independent variables considered in the three-way ANOVA. This four-way ANOVA allowed a statistical removal of nonspecific effects attributable to individual batches of oocytes. In the case of all statistical tests used, a result was considered significant given a p value of Ͻ0.05.
RESULTS

Phorbol ester potentiates currents from homomeric NR1 splice variants to differing degrees in the presence of calcium
Previous work in this as well as in several other laboratories established that currents evoked from NMDA receptors expressed either from total rat brain mRNA (Kelso et al., 1992; Urushihara et al., 1992) or from cRNA (Kutsuwada et al., 1992; Yamazaki et al., 1992; Wagner and Leonard, 1996) are positively modulated by activators of PKC in Xenopus oocytes. This basic phenomenon is demonstrated in Figure 1 A, which shows the potentiation of homomeric currents expressed from the NR1-000 splice variant cRNA (nomenclature discussed in Materials and Methods) before (Pre-PDBu) and after (Post-PDBu) an 8 min exposure to the PKC activating agent PDBu (20 nM). The cells were clamped at Ϫ80 mV in a Mg 2ϩ -free solution in which calcium replaces magnesium (C OS, 2.8 mM Ca 2ϩ , final), and currents were elicited using a 20 sec application of agonist (100 M NMDA, 100 M glycine; saturating for both) followed by a COS wash. Omission of Mg 2ϩ ions from the recording solutions does not affect the PKC sensitivity of recombinant NMDARs (Wagner and Leonard, 1996) .
To avoid a large portion of current contamination by the initial, highly variable, inward peak ( Fig. 1 A) , all currents are measured ϳ20 sec after the initialization of the inward current. The potentiation is expressed as a percentage increase from a stabilized baseline current established before incubation in the presence of PDBu (discussed in Materials and Methods). These values are averaged, and the mean potentiation Ϯ SEM is recorded in bar charts shown in Figure 1 B and throughout.
Frog oocytes were injected with the cRNA for each of the splice variants to form homomeric NMDARs, as described in Materials and Methods. Figure 1 B shows that after PKC stimulation with phorbol, currents from the splice variants ranged from ϳ300 to 500% (an approximately three-to fivefold increase) over their initial baseline values when the experiments were performed in the presence of calcium. Additionally, the splice variants divide themselves into two groups based on their ability to be potentiated by PKC activation: high responders that range from 460 to 510% of baseline currents (NR1-001, 460 Ϯ 35%; NR1-101, 460 Ϯ 31%; NR1-000, 510 Ϯ 39%; NR1-100, 500 Ϯ 34%) and low responders that range between 310 and 380% of baseline currents (NR1-011, 320 Ϯ 20%; NR1-111, 310 Ϯ 21%; NR1-110, 310 Ϯ 22%; NR1-010, 380 Ϯ 31%). In all cases, pairwise comparisons made between splice variants, which only differ in their exon composition by the presence or absence of C1 (plotted adjacent to each other in Fig. 1 B) , were significantly different from each other with C1 presence always giving rise to a lower degree of potentiation ( p Ͻ 0.01 for all by Student's t test) ( Fig.  1 B, asterisks) .
In barium replacement solution, homomeric currents are not differentially potentiated by PKC
Oocytes are known to possess endogenous chloride channels that are activated by increases in internal calcium concentration and give rise to a well characterized inward chloride conductance (Barish, 1983; Miledi and Parker, 1984; Boton et al., 1989) . Thus, the initial peak of inward current, shown in Figure 1 A, is not caused by receptor desensitization or inactivation but rather is caused by the activation of Ca 2ϩ -dependent chloride channels by calcium permeation through the NMDARs (Leonard and Kelso, 1990) . The effect may be enhanced in the experiments presented here because the recording solution (COS) contains a 2.8 mM final concentration of calcium ions compared with a 1.8 mM concentration found at physiological levels. Barium, which is a poor activator of this channel, is often used as a substitute in physiological solutions to severely reduce the contribution of this contaminating current (Barish, 1983; Miledi and Parker, 1984; Leonard and Kelso, 1990) . Thus, the initial transient peak seen when recording from NR1-000 currents in COS ( Fig. 1 A) is eliminated when recording from the same splice variant in a solution in which barium replaces calcium ions and magnesium ions (BOS) (Fig. 2 A) . Note that the scale is seven times larger for the traces in Figure 1 A compared with Figure 2 A. This reflects the fact that, in general, the currents recorded in BOS are smaller than those recorded in COS (means of 11.7 Ϯ 1.0 nA vs 17.3 Ϯ 0.8 nA), with certain splice variants being more affected by barium in this regard than others. For example, NR1-001 and NR1-000 showed more than a twofold reduction in current size when recording in barium, whereas NR1-111 and NR1-110 showed only very minimal effects.
To investigate whether the type of divalent cation present in the recording solution affects the degree of homomeric current potentiation by PKC activators, oocytes from the same batch were injected with cRNA for each of the splice variants and were recorded in barium-containing solutions (BOS). These experiments were run identically to the procedures outlined above in which all solutions contained calcium (COS). The results in Figure 2 B show that in barium solutions (black bars) the variants do not differ significantly from each other in terms of their modulation, with an average potentiation of 315 Ϯ 10% (n ϭ 80) over the established baseline currents, (analysis by three-way and four-way ANOVA). For a particular splice variant, the data obtained in COS ( Fig. 2 B, open bars) was compared with that obtained in BOS using the Student's t test. Variants demonstrating a significant difference between the two conditions were those that lack C1 (Fig. 2 B, asterisks) . In each of these NR1-X0X variants, the potentiation seen when recording in calciumcontaining solutions was much greater than that seen when recording in barium solutions (NR1-001, 40.5% greater potentiation in COS vs BOS, p ϭ 0.034; NR1-101, 40.7% greater, p ϭ 0.016; NR1-000, 84.4% greater, p ϭ 0.0016; NR1-100, 52.8% greater, p ϭ 0.0085; analysis by Student's t test).
The PKC-mediated potentiation of homomeric NR1 currents has a calcium-sensitive component that is exon specific
The splice variants are generated by the presence or absence of three exons. The effect of a particular exon was determined by grouping all the data for which that exon was present and comparing it with the grouped data from variants lacking the exon (Fig. 3A,B) . The hatched bar for N1 in Figure 3A , for example, represents the average potentiation recorded in COS for all splice variants that contain the N1 exon (i.e., . When the analysis is performed in this way, several important observations become apparent. Foremost, the C1 exon blocks the expression of the higher level of potentiation when recording in calcium solution. This is shown in Figure 3A where the presence of C1 leads to a significant 31.0% decrease in the amount of potentiation compared with when the exon is not present (333 Ϯ 12% of baseline, n ϭ 134 vs 483 Ϯ 17% of baseline, n ϭ 112; p Ͻ 0.00001 by Student's t test). This phenomenon is completely abolished in BOS (Fig. 3B) where the degree of potentiation for splice variant currents containing the C1 exon does not differ from the potentiation observed for splice variant currents in which the C1 exon is absent (316 Ϯ 13% of baseline vs 314 Ϯ 15% of baseline; p ϭ 0.94, Student's t test). Neither the N1 exon nor the C2 exon alters the degree of potentiation observed in either of the recording solutions used. This is confirmed by a three-way ANOVA (discussed in Materials and Methods), which indicates that in COS the variance could be explained by C1 ( p Ͻ 0.0005) and not by any other alternatively spliced exon or by an interaction of these exons.
As discussed above, none of the data representing the presence or absence of exons deviates significantly from the overall mean level of potentiation seen in BOS (315.0 Ϯ 9.8% of the baseline current), indicating that the exon dependence of potentiation is not realized when barium replaces calcium as the major divalent ion in the recording solutions (Fig. 3B) . In terms of the magnitude of potentiation seen in COS compared with BOS, the data representing both exon presence and exon absence are significantly reduced, in general, in BOS for all three of the exons. The one exception is the data set representing the NR1-X1X variants, which is not statistically different in COS compared with BOS (333 Ϯ 12% of baseline current vs 316 Ϯ 13% of baseline; p ϭ 0.936, Student's t test). Thus, the C1-containing variants potentiate to the same low level in either calcium or barium solutions, whereas the variants lacking C1 potentiate to this low level only in the barium solution. Because the higher level of potentiation obtained by the NR1-X0X variants in COS is not expressed in BOS, calcium flux through the receptor itself may be important in activating a process that leads to the higher potentiation. The magnitude of this higher form of potentiation may result from the summing of two events: the calcium-independent lower level of potentiation and the C1-modulated, calcium-dependent process. Figure 1 . A, Phorbol-induced potentiation of homomeric N R1 receptor currents expressed in Xenopus oocytes. C ells expressing N R1-000 variants were clamped at Ϫ80 mV in calcium replacement solutions (COS), and currents were elicited using an ϳ20 sec application of agonist (100 M NMDA, 100 M glycine) followed by agonist wash-out. After a stable baseline (Pre-PDBu) was attained, the oocytes were incubated for 8 min in the PKC-activating agent phorbol ester dibutyrate (PDBu; 20 nM). The current trace demonstrating the peak level of potentiation induced by PDBu treatment is shown (Post-PDBu). B, When recording in the presence of calcium (COS), N R1 splice variants that do not contain the C1 exon (NR1-X0X) yield a significantly higher degree of current potentiation by PDBu compared with those variants that do contain C1 (N R1-X1X). Xenopus oocytes from a particular frog were injected with in vitro-transcribed RNA for each of the eight splice variants and were allowed to express 2-7 d in culture before recording. Currents were elicited as described in A. All currents were measured 20 sec after the initiation of the inward current. The bars represent the degree of current potentiation that each splice variant exhibited after phorbol treatment. For the results here and throughout, the degree of current potentiation is always expressed as a percentage increase from a stabilized baseline current (discussed in Materials and Methods) established before incubation in the PKC-activating agent phorbol ester dibutyrate (PDBu; 20 nM, 8 min). The nomenclature shown on the x-axis is adopted from Durand et al. (1993) and identifies the particular splice variant with the plotted data. 0 or 1 indicates, respectively, the absence or presence of the alternatively spliced exons in the 5Ј-3Ј order N1, C1, C2. Splice variants that only differ 4 in their exon composition by the presence or absence of C1 are plotted adjacent to each other in the figure. Pairwise comparisons made between such variants demonstrate a significant difference, with C1 presence always giving rise to a lower degree of potentiation (*p Ͻ 0.001, Student's t test).
The calcium-sensitive component of current potentiation does not involve the endogenous calciumdependent chloride channels
To determine whether the apparent differences in the degree of potentiation seen in C OS compared with BOS are attributable to the involvement of the contaminating I C l(C a) or are instead caused by some other Ca 2ϩ -dependent mechanism, the current modulation by PKC activation in COS was examined in the presence of NFA, at a concentration (200 M) known to block the endogenous Cl Ϫ (Ca 2ϩ ) channels (Leonard and Kelso, 1990; White and Aylwin, 1990) . The experimental protocol used in this study is represented by the bars at the top of the current traces in Figure 4 A. Agonist solutions containing 200 M NFA were applied followed by an application of agonist alone (i.e., no NFA present) followed by a COS wash (no agonist, no NFA). This protocol compensates for variability in the degree of potentiation observed on a per cell basis. There was no apparent shift in the baseline current from the start of the trial before agonist/NFA application to the final COS wash, indicating that the NFA did not act in some nonspecific way to change the conductance properties of the cell. In all cases (approximately eight cells per variant), the eight splice variants show no significant difference in Figure 2 . A, Barium replacement solution reduces the degree of phorbolmediated potentiation of currents expressed from homomeric N R1-000 splice variant channels. Essentially, the experiment was performed as in Figure 1 A, recording in a barium replacement solution (BOS) in which barium replaces all divalents (2.8 mM). Traces are taken before (PrePDBu) and after (Post-PDBu) an 8 min incubation in PDBu (20 nM). Bars above the traces indicate the time of agonist application. Note that the scale in Figure 1 A is approximately seven times larger than shown here, reflecting the lower current sizes obtained in BOS. These particular traces were recorded from different batches of cells. B, N R1-X0X variants yield a significantly higher degree of current potentiation by PDBu when recording in calcium (COS) compared with recordings made in barium (BOS). Each of the eight splice variants were injected into oocytes from the same batch, and the degree of potentiation was determined as outlined in Figure 1 B. The black bars represent the mean degree of phorbolmediated potentiation Ϯ SEM found for each of the variants when recording in BOS normalized to the baseline currents. The data set obtained in COS (white bars) is included here from Figure 1 B for comparison. The number of oocytes used for each mean is indicated above the appropriate bar. In BOS, the variants do not differ significantly from each other in terms of their modulation, with an average potentiation of 315 Ϯ 10% (n ϭ 80) over the established baseline currents (analysis by four-way ANOVA). Those variants that lack C1 demonstrate a significant difference between the data collected in C OS versus BOS (*, Student's t test). Figure 3 . In C OS, the C1 exon is solely responsible for the differences in phorbol potentiation of splice variant currents. A, The effect of a particular exon was determined by grouping all the data for which the exon was present (diagonall y striped bars) and comparing them with the grouped data for exon absence (open bars). The number above the bars represents the number of cells used to generate the mean value displayed. The overall mean potentiation is 401 Ϯ 11% (dashed line). A three-way ANOVA indicates that the variance is explained solely by the C1 exon ( p Ͻ 0.0005) and not by the N1 or C2 exons or by an interaction among the N1, C1, and C2 exons. B, Both the Student's t test and three-way ANOVA indicate that in BOS there is no effect of the alternatively spliced exons on the degree of mean current potentiation. The overall mean potentiation is 315 Ϯ 10% (dashed line). current potentiation after an 8 min incubation in PDBu (20 nM) in the presence or absence of N FA (data not shown; analysis by Student's t test). All of the splice variants demonstrated a block of the initial peak and a significant reduction in baseline current size in the presence of N FA compared with when N FA was absent, as demonstrated in Figure 4 A. This reduction of the plateau current, which ranged from 21.9 Ϯ 2.3% to 39.8 Ϯ 4.7%, reflects the contribution made by the I C l(C a) and is an indication that these endogenous channels were actually blocked by the concentration of NFA used.
The grouped data (Fig. 4 B) show that the C1-mediated effect on potentiation of currents exists in the presence of NFA (hatched bars) and are comparable to the results obtained in the paired C OS -wash data set (open bars). In N FA, the presence of C1 decreased current potentiation by 47% from the levels observed in splice variants lacking C1 ( p Ͻ 0.0001, Student's t test), whereas the paired C OS data showed a 44% reduction ( p Ͻ 0.0001, Student's t test). For comparison, the barium data shown in Figure 2 B are included here (black bars). Currents recorded in the presence of N FA from splice variants that do not contain the C1 exon potentiate to a significantly higher degree than they do in BOS, whereas only a minimal difference in potentiation exists between these two conditions when currents are expressed from the C1-containing splice variants. These observations reflect the trends found when the COS and BOS data shown in Figure 3 are compared, indicating that the NFA data parallel the COS data. Thus, the PKC potentiation of splice variant currents is modulated by the C1 exon through a calcium-dependent mechanism that is not attributable to I C l(C a) .
Splice variants coexpressed as heteromers with either NR2A or NR2B exhibit modulation of current potentiation that is dependent on the C1 exon but not on calcium
To determine whether the C1-modulated, calcium-dependent process underlying current potentiation in the homomers exists in currents expressed from heteromers, each of the splice variants was coinjected into oocytes from the same batches with cRNA from either NR2A or NR2B, the two members of the NR2 subunit family known to permit the potentiation of currents by , has no effect on the high level of current potentiation by PKC observed in N R1-X0X variants. A, The traces represent whole-cell currents recorded at Ϫ80 mV from oocytes injected with N R1-101. The experimental design is represented by the bars at the top of the current traces. Before a trial was run, the test cell was incubated in C OS containing 200 M N FA for 1 min. Agonist (100 M NMDA, 100 M glycine) containing 200 M N FA was applied for 40 sec followed by an application of agonist alone (i.e., no N FA present) for 40 sec followed by a C OS wash (no agonist, no N FA). Once a stable baseline was reached (Pre-PDBu), the cell was incubated in 20 nM PDBu for 8 min. The cell was then washed for 1 min in C OS containing N FA, and currents were evoked in the manner described. Thereafter, currents were elicited every 2 min to generate a time course from which the peak level of current potentiation was determined. In the example shown here, the peak potentiation was reached after the first COS/NFA wash (1Ј Post-PDBu). The current shown potentiated from 19.8 to 100.1 nA (506%) in the presence of N FA and from 33.2 to 172.1 nA (518%) after N FA washout. B, E xperiments were performed on all the splice variants (ϳ8 cells each) as described in A. The data were then grouped according to the presence or absence of the C1 exon, and the mean peak current potentiation was plotted. Numbers in parentheses indicate the number of cells used to generate the data. The open bracket is used to indicate that the N FA data and the C OS data are collected from the same cell. The barium data (black bar) are included from the data set in Figure 2 B for comparison. activators of PKC (Kutsuwada et al., 1992; Yamazaki et al., 1992; Mori et al., 1993) . E xperiments were performed using protocols similar to those already described for the homomers. The individual pairwise comparisons of heteromers composed of splice variants that either do or do not contain the C1 exon show that for both N R1/ N R2A and N R1/ N R2B heteromers, C1 presence always leads to a significantly lower degree of potentiation when recording in calcium solutions (Student's t test) (Fig. 5A , not marked). Thus, heteromeric currents recorded in calcium demonstrate a pattern of potentiation similar to that obtained in homomeric currents. Both the N R2A (gray bars) and NR2B (black bars) heteromers fall into two groups based on their degree of current potentiation: those containing C1, which are low potentiators (N R1-X1X / N R2A, ranging from 135 to 216% of baseline; N R1-X1X / N R2B, ranging from 241 to 342% of baseline), and high potentiators, which do not contain C1 (NR1-X0X/ NR2A, ranging from 353 to 422% of baseline; N R1-X0X/NR2B, ranging from 420 to 631% of baseline).
In contrast to the observations in calcium-containing solutions, the levels of potentiation collected for the heteromers in barium solutions do not mirror the levels of potentiation seen when the homomers were recorded in barium. Rather than all potentiating to the same degree, both heteromeric configurations show a wide range of responses (Fig. 5B) . The data shown in Figure 5A ,B indicate that for each of the individual heteromers the current potentiation observed in BOS does not differ significantly from that observed in COS ( p Ͼ 0.4; Student's t test). There is one exception to this general trend for each of the NR2 subunits, NR1-000/NR2A and NR1-010/NR2B, which do demonstrate a difference in potentiation for the two conditions ( p Ͻ 0.01 and p Ͻ 0.005, respectively; Student's t test).
On the basis of the observation above, it can be predicted that the data collected in barium should also demonstrate a C1-modulated effect on the degree of potentiation similar to the results obtained when recording in calcium solutions. However, an examination of individual pairwise comparisons of splice variants that either do or do not contain the C1 exon shows that for both NR2A and NR2B heteromers, only the NR1-110 and NR1-100 pair demonstrates a significant difference between each other in terms of their potentiation (Student's t test) (Fig. 5B , not marked). This contrasts with the results obtained when recording in calcium solutions where, in every case, heteromers containing Figure 5 . Splice variants show a higher degree of current potentiation when coexpressed with N R2B subunits compared with NR2A subunits as a result of a reduced C1-block effect. Each of the splice variants was coinjected in a 1:10 molar ratio with either N R2A or N R2B subunits using oocytes from the same batches. To allow for the best comparison between experiments performed in C OS ( A) and BOS ( B), a particular splice variant was recorded in both solutions within a 2 hr time frame. The data were collected from seven cells for N R2A ( gray bars) and eight cells for NR2B (black bars) using three different frogs in each case. The height of the bar indicates the amount of current potentiation observed after an 8 min exposure to 20 M PDBu. The degree of potentiation was derived by normalizing currents recorded after phorbol treatment to the baseline current recorded before treatment. The asterisks indicate variants that show a significant difference in terms of their potentiation when coexpressed with NR2B compared with NR2A subunits (Student's t test). A comparison between the data in A and B demonstrates that except for NR2A/NR1-000 and N R2B/010, the heteromers show no significant difference in the degree of potentiation in COS compared with BOS (Student's t test). a particular N R1-X1X variant demonstrate a significantly lower level of potentiation than the appropriately paired NR1-X0X heteromer lacking the C1 exon (Fig. 5A) . These results suggest that although not entirely absent, the C1 modulation of potentiation in the heteromers is not as robust in barium as it is in calcium.
The C1-mediated decrease in potentiation is weaker in NR2B heteromers compared with their NR2A counterparts
In calcium, individual C1-containing N R2B heteromers (NR1-X1X/N R2B) potentiate to a significantly greater degree than do their N R2A counterparts in every case (Student's t test) (Fig. 5A,  asterisk s) . In contrast, the N R1-X0X / N R2B heteromers all potentiate to the same degree as their paired N R1-X0X/NR2A heteromers. The exception is N R1-101/ N R2B, which does demonstrate a significant difference compared with its paired NR1-101/N R2A heteromer (Fig. 5A, asterisk) . The overall trend, however, suggests that when recording in calcium, the NR2A and NR2B heteromers potentiate to the same level by some process that is blocked by the C1 exon to differing degrees. The fact that the presence of C1 does not reduce the potentiation as greatly in the NR2B heteromers as in the N R2A heteromers implies that the C1-mediated block to the process is weaker in the NR2B heteromers. Similar results are found when recording in barium solutions, which show that, as in calcium, the individual NR1-X1X/N R2B heteromers all potentiate to a significantly higher level than their paired N R1-X1X / N R2A heteromers (Fig. 5B,  asterisk s) . These results suggest that the structural differences known to exist between these two N R2 subunits, perhaps in their divergent C -terminal regions, are responsible for differential effects of the C1-mediated modulation.
Grouped data analysis reveals the importance of NR1 exons in the potentiation of NR2A and NR2B heteromers
Analysis of the grouped data allows for a closer examination of the trends demonstrated above for the individual variants. As is the case with the homomeric currents, Student's t test indicates that neither exon N1 (N R2A, p ϭ 0.739; N R2B, p ϭ 0.060) nor exon C2 (N R2A, p ϭ 0.760; N R2B, p ϭ 0.143) participates in the PKC-stimulated potentiation of heteromeric currents (Figs. 6 A,C) when recording in calcium solutions. The same analysis performed on the data collected in barium solutions (Figs. 6 B,D) shows a similar trend with neither the N1 exon (N R2A, p ϭ 0.581; NR2B, p ϭ 0.849) nor the C2 exon (N R2A, p ϭ 0.825; NR2B, p ϭ 0.482) participating in the potentiation. The C1 exon, on the other hand, shows a significant effect on the degree of potentiation for the N R2A and N R2B heteromers in both calcium and barium solutions that is confirmed by a four-way ANOVA (COS: NR2A, p Ͻ 0.001; N R2B, p Ͻ 0.001; BOS: N R2A, p Ͻ 0.05; NR2B, p Ͻ 0.005).
When expressed as a heteromer with either of the two NR2 subunits, the C1 exon of the N R1 subunit plays a role in potentiation similar to its role in the potentiation of homomeric receptor currents: some process mediated in the absence of the C1 exon is responsible for attaining the higher level of potentiation. In the presence of C1, this process is blocked (C1-block), resulting in a lower form of potentiation. In the heteromers, the process mediating the C1-block shows subunit dependence in terms of effectiveness and calcium sensitivity. For N R1/ N R2A heteromers, C1 presence exhibits a 57% decrease (Fig. 6 A, asterisk) from the level attained in the absence of the exon (168 Ϯ 12%, n ϭ 28 vs 387 Ϯ 30% of baseline current, n ϭ 28; p Ͻ 0.001, Student's t test). This decrease in potentiation by C1 presence is larger than the 43% drop (Fig. 6C, asterisk) seen for the NR1/NR2B heteromers (282 Ϯ 17%, n ϭ 32 vs 490 Ϯ 32% of baseline currents, n ϭ 32; p Ͻ 0.001, Student's t test). The C1 effect demonstrated in the heteromers in both cases is larger than the 31% decrease already noted for the homomers (333 Ϯ 12% baseline, n ϭ 134 vs 483 Ϯ 17% baseline, n ϭ 112). Thus, in calcium recording solutions, the subunit composition of channels may be ranked in the following order according to the strength of the C1-block they permit:
The grouped data from recordings in barium solutions show that, similar to the results obtained in calcium solutions, C1 is the sole exon involved in the modulation of the current enhancement by phorbol for both the NR2A and NR2B heteromers (Fig.  6 B,D) . Specifically, the NR1-X1X/NR2A heteromers potentiate to a level that represents a 46% reduction (Fig. 6 B, asterisk) in the level of potentiation attained by the NR1-X0X/NR2A heteromers (175 Ϯ 20% vs 317 Ϯ 36% of baseline current; p Ͻ 0.001, Student's t test). The potentiation of the NR1/NR2B heteromeric currents is significantly reduced by 28% when C1 is present compared with the potentiation seen in the absence of the exon (361 Ϯ 23.2% vs 502 Ϯ 32% of baseline current; p Ͻ 0.001; marked by asterisk in Fig. 6 D) . Again, the NR2A subunit is shown to have a larger C1-mediated decrease in current potentiation compared with heteromers composed of the NR2B subunit that demonstrate a considerably smaller C1-block to potentiation. Thus in both calcium and barium solutions, there exists a subunit dependency to the C1 modulation, suggesting that the region of modulation may be restricted physically to the divergent C-terminal domains of the two NR2 subunits.
Homomeric currents demonstrate a high form of potentiation that occurs only in the absence of the C1 exon and not in the presence of barium. Comparison of the data shown in Figure 6 A with that in 6 B (open bars) shows that the potentiation observed for NR1-X0X/NR2A heteromers in COS does not differ from the potentiation obtained in BOS (387 Ϯ 30% of baseline currents, n ϭ 28 vs 317 Ϯ 36% of baseline, n ϭ 28; p ϭ 0.140, Student's t test). The same is true for the NR1-X0X/NR2B heteromers (Fig. 6C,D, open bars) , which potentiate to the same degree in COS or BOS (490 Ϯ 32% of baseline currents vs 502 Ϯ 32% of baseline; p ϭ 0.793). Thus, like the homomers, the process leading to the higher level of potentiation occurs in the absence of the C1 exon. However, in the NR2A and NR2B heteromers, this process is no longer calcium dependent, yielding similar potentiation in either calcium or barium solutions.
The process mediating the C1-block in the NR1-X1X/NR2A heteromers is equally effective in calcium or barium solutions (168 Ϯ 12% of baseline currents, n ϭ 28 vs 175 Ϯ 20% of baseline; p ϭ 0.79, Student's t test), suggesting that the C1-block is not calcium-sensitive in the NR2A heteromers. However, NR1-X1X/NR2B heteromers potentiate 28% higher in barium solutions compared with solutions containing calcium (361 Ϯ 23% of baseline currents vs 282 Ϯ 17% of baseline; p ϭ 0.007). Thus, in NR2B heteromers, the C1-block to the higher level of potentiation is less effective than the block demonstrated in the NR2A heteromers and shows a degree of calcium sensitivity to the block itself.
Collectively, the data above may support the idea that barium is able to substitute for some calcium-dependent component in the modulation of current potentiation by PKC, but it does so with less efficacy. In NR2A heteromers, barium may be less effective than calcium in attaining the higher level of potentiation, whereas in N R2B heteromers, barium may be less effective than calcium in mediating the C1-block to the higher form of potentiation.
The degree of potentiation is not dependent on the size of the baseline current
An examination of N R1 currents generated in C OS and BOS before treatment with phorbol (i.e., baseline currents) shows that in both conditions there is an exon dependence to the size of the current. The most robust effect is seen for the N1 exon where analysis by t test indicates that N1 presence leads to a significant increase in current size in both COS (52.3%, p Ͻ 0.001) and BOS (116.4%, p Ͻ 0.001). The C1 exon also affects current size, depending on the divalent ion used in the recording solutions. In COS, the presence of C1 leads to a significant increase in the current size (26.8%, p ϭ 0.01), whereas in BOS, C1 presence leads to a much higher increase (106.1%, p Ͻ 0.001). The presence of the C2 exon demonstrates the least effect on baseline currents, showing a significant decrease in COS only (18.9%, p ϭ Figure 6 . The C1-block to higher potentiation is reduced in splice variants coexpressed with N R2B subunits compared with those expressed with NR2A subunits. The results shown represent a summary of the data collected in Figure 5 grouped by exon presence (diagonall y striped bars) or absence (open bars). The particular exon the data represent is given on the x-axis. A, B, E xon significance in the degree of heteromeric N R2A potentiation. Each bar represents a summary of data from 28 cells. A, Summary of the data collected in calcium-containing solutions (COS). Only the C1 exon shows a significant effect on the degree of potentiation, with the presence exhibiting a 57% decrease (*p Ͻ 0.001, Student's t test) from the level attained in the absence of the exon. The mean potentiation is 278 Ϯ 21.7 nA (dashed line). B, Summary of the data collected in barium-containing solutions (BOS). The NR1/NR2A heteromers in which C1 is present potentiated 46% lower (*p Ͻ 0.001, Student's t test) than the level of enhancement found in the C1-containing heteromers. As in C OS, neither the N1 exon ( p ϭ 0.581) nor the C2 exon ( p ϭ 0.825) is involved in the current potentiation. The mean potentiation is 245.8 Ϯ 22.7 nA (dashed line). C, D, E xon significance in the degree of heteromeric N R2B potentiation. Each bar represents a summary of data from 32 cells. C, In C OS, C1 presence leads to a significant 43% decrease in potentiation (*p Ͻ 0.001, Student's t test) compared with the potentiation seen in heteromers where the C1 exon is absent. As for the N R2A heteromers, neither exon N1 ( p ϭ 0.060) nor exon C2 ( p ϭ 0.143) participates in the PKC-stimulated potentiation of heteromeric currents (Student's t test). The mean potentiation is 386.0 Ϯ 22.2 nA (dashed line). D, In BOS, the presence of the C1 exon leads to a significant 28% reduction in potentiation (*p Ͻ 0.001, Student's t test) compared with heteromers that did not contain the C1 exon. Neither the N1 exon ( p ϭ 0.849) nor the C2 exon ( p ϭ 0.482) is involved in the current potentiation. The mean current potentiation is 432 Ϯ 21% of baseline (dashed line). 0.02). A three-way ANOVA performed on the C OS data in which current size was the dependent variable and the presence or absence of exons were the variables under consideration for effects confirms the trend shown above.
A possible explanation for the differences in potentiation observed between the N R1 splice variant homomers may be that the variants displaying smaller baseline currents potentiate to a different degree (greater or smaller) than those displaying larger currents. However, the trends discussed above in terms of exon control of homomeric current potentiation indicate that this is not the case. For example, the presence of the N1 exon that produces a larger current size compared with when N1 is absent shows no effect on the degree of potentiation for any of the individual splice variants in either C OS or BOS.
To f urther examine this issue, the mean baseline current for each N R1 variant was plotted against the corresponding mean degree of potentiation for the data collected in calcium and barium solutions. In COS, the effects of the N1 and C1 exons are clearly evident, with N1 mainly controlling current size and C1 controlling potentiation (Fig. 7A) . The graph can be divided into quadrants essentially based on exon f unction: low and high potentiators depending on the presence or absence of the C1 exon and variants with high or low baseline currents depending on the presence or absence of the N1 exon. Thus, N R1-000 is in the top left quadrant, whereas N R1-111 is in the bottom right quadrant. Visual inspection of the figure indicates that current size does not predict the degree of potentiation.
In BOS, because C1 no longer has an effect on potentiation, the data points do not separate in terms of this variable (Fig. 7B) . However, C1 presence does lead to a greater baseline current size and acts in combination with the effect of N1 on current size such that variants separate out into three clusters based on current size, independent of the degree of potentiation: those that contain both cluster at the right end of the graph, those that contain neither group at the left end, and variants containing a mixture of these cluster in the middle. Again, the degree of potentiation cannot be predicted on the basis of baseline current size.
In N R2A and N R2B heteromers, regression analysis reveals that the degree of current potentiation is not correlated with the size of the initial baseline current, eliminating the possibility that the differences in the degree of potentiation exhibited by the splice variants are a f unction of their mean current size (data not shown).
DISCUSSION
NR1 homomeric currents expressed from splice variant clones in
Xenopus oocytes potentiate in a range ϳ300 -500% over their initial baseline values after exposure to the PKC -activating agent phorbol ester when recording in calcium-containing solutions. All recording solutions omitted magnesium because a change in sensitivity to inhibition by magnesium ions plays no part in the PKC potentiation of recombinant NMDAR currents expressed in oocytes (Wagner and Leonard, 1996) . This range is in marked contrast to the ϳ300 -2000% range of potentiation reported elsewhere (Durand et al., 1992 (Durand et al., , 1993 Yamazaki et al., 1992; Yamakura et al., 1993; Z heng et al., 1997) . The variants divide into two groups: low responders, which potentiate between 310 and 380% of their baseline currents, and high responders, which range from 460 to 510%. This physiological property correlates solely with the presence or absence of the C1 exon, where the presence of the exon leads to a 31% decrease in potentiation ( p Ͻ 0.0005, three-way ANOVA).
Neither the N1 nor C2 exons participate in the differential potentiation either individually or as the result of an interaction among the N1, C1, and C2 exons (Fig. 3A) . Thus, the finding that N1 causes an approximately threefold increase in the degree of potentiation observed over those variants not containing the N1 exon and that exon C2 presence alone leads to a significant decrease in potentiation (Durand et al., 1993; Zheng et al., 1997) is not supported by the experiments performed here. The argument that the N1 exon allows greater potentiation as a result of greater calcium influx (Zheng et al., 1997) also is not supported, because no correlation is found between current size and degree of potentiation (Fig. 7) . This study, then, refines the region of positive modulation critical to NMDAR function to a 37 residue domain of the NR1 C-terminal.
When barium replaces external calcium, the additional potentiation seen with clones lacking C1 is abolished, and currents Figure 7 . In barium and calcium, mean baseline current size does not predict the mean degree of PKC -mediated current potentiation. The mean values for baseline current size and degree of potentiation for each of the splice variants expressed as homomers are plotted against one another to clarif y the relationship between these two variables for the overall data set. A shows the relationship when recording in calcium solutions, whereas B summarizes the data collected in barium. Note how the presence or absence of N1 predicts current size in both COS ( A) and BOS ( B), whereas C1 presence or absence dictates the degree of potentiation in C OS only. Open circles represent variants that do not contain C1, and the filled circles represent those that do. Error bars are ϮSEM. from all splice variants potentiate at the lower level: ϳ315% of baseline. A rapid calcium amplification has been suggested to account for this difference (Z heng et al., 1997) . Activation of the endogenous calcium-dependent chloride conductance in oocytes (I C l(C a) ) is responsible for the majority of the current amplification seen when switching from barium to calcium solutions (Leonard and Kelso, 1990) . Niflumic acid greatly reduces plateau currents by blocking I C l(C a) (Fig. 4 A) yet has no effect on the degree of PKC potentiation of N R1 splice variant currents. Thus, a calcium-sensitive process does underlie the PKC -mediated potentiation, but this process is independent of the simultaneous major current amplification that results in an initial inward peak (I C l(C a) ).
A simple model, therefore, emerges for the modulation of PKC-mediated potentiation as it occurs in homomeric receptors: in the absence of the C1 exon, a calcium-sensitive process yields the higher level of potentiation. When recording in barium, this calcium-dependent process is blocked, and currents only reach the low level of potentiation.
There are several reasons that may account for why the potentiation of the splice variant currents reported here differs quantitatively and qualitatively from previous studies. Studies demonstrating an effect of the N1 exon on potentiation were recorded in solutions at pH 7.2 (Durand et al., 1993; Z heng et al., 1997) compared with pH 7.5 used in the present study. NMDAR currents are known to be chronically inhibited at physiological pH (Tang et al., 1990; Saybasili, 1998) , with an IC 50 of pH 7.3 (Traynelis and Cull-C andy, 1991; Traynelis et al., 1995) . If the mechanism of potentiation involves a change in the effectiveness of protons to inhibit the receptor, then pH may play a critical role. Alternatively, the apparent N1 effect may be attributable to the limited set of splice variants examined previously.
Other discrepancies between the results presented here and those of others may be related to procedural differences. A novel analytical approach by a four-way ANOVA (described in Materials and Methods), in which the variation in individual batches of frog oocytes could be removed from the data set, allowed for data interpretation without contamination by these potential artifacts.
As for the homomers, the modulation of potentiation in the heteromers is solely under the control of the C1 exon and does not involve the participation of the N1 or C2 exons or an interaction among exons (Fig. 6 A-D) , with the N R2B heteromers demonstrating an overall greater degree of potentiation (386 Ϯ 22% vs 278 Ϯ 22% for N R2A heteromers). This conflicts with the only previous attempt to characterize the splice variants as heteromers, which shows a positive effect on potentiation by the N1 exon. However, the focus of that study was solely on three splice variants expressed as N R2A heteromers (Z heng et al., 1997) . Critically, the results presented here demonstrate a control in the effectiveness of the C1 exon to block the higher level of potentiation by the heteromeric subunit: in every case, N R1/NR2A heteromers containing the C1 exon potentiate to a significantly lower degree than the corresponding N R1/ N R2B heteromers (Fig. 5A,B) . As a result, the ability of the C1 exon to block the higher form of PKC potentiation is less prominent in currents expressed from receptors containing the N R2B subunit compared with those containing the N R2A subunit (43 vs 56% decrease, p Ͻ 0.05) (Fig. 6 A,C) .
Several important signaling molecules (Ehlers et al., 1996; Krupp et al., 1996; Tingley et al., 1997) and structural proteins, including neurofilaments and the novel element yotiao, both of which may be involved in linking the NMDAR to the actin cytoskeleton (Ehlers et al., 1998; Lin et al., 1998) , associate with the C1 exon. The interaction of the moieties associated with C1 may underlie the events leading to current potentiation by PKC. Activation of PKC leads to phosphorylation of serine residues in C1 (Tingley et al., 1993 (Tingley et al., , 1997 ) that disrupts calcium/calmodulin (CaM) binding on the receptor (Hisatsune et al., 1997) . At elevated levels of both calcium and CaM, ␣-actinin-2, which regulates NMDAR attachment to actin , is out-competed for binding by CaM at a site 20 residues upstream of C1 (Wyszynski et al., 1997) . Intriguingly, the same mutations in C1 that prevent the PKC-mediated uncoupling of the receptor from the cytoskeleton (Ehlers et al., 1995; Tingley et al., 1997 ) also prevent the C1-block to higher potentiation . Conceivably, the downstream effects of CaM release from C1 by PKC perhaps may be responsible for the C1-block, possibly by acting through a cytoskeletal mechanism.
NR2B contains an ␣-actinin-2 binding domain in the C terminus, whereas the NR2A subunit was not found to bind this molecule (Paoletti and Ascher, 1994; Wyszynski et al., 1997) . The effectiveness of the C1-block therefore is inversely correlated with the number of ␣-actinin-2 molecules potentially associated with the receptor and perhaps the degree of interaction between the receptor and the actin cytoskeleton. This is particularly intriguing because in addition to differential patterns of NR2A and NR2B subunit expression, ␣-actinin-2 shows developmental and regional differences of expression in the rat brain and thus may allow for synapse-specific modulation of plastic events.
Homomeric currents are relatively small, suggesting that the calcium-sensitive processes involved in the potentiation of variants that lack C1 are proximal to the channel pore. Many of the proteins discussed above (␣-actinin-2, actin, CaM, PKC), are regulated by calcium (Ehlers et al., 1996; Wyszynski et al., 1997) and bind the supramolecular complex associated with the NMDAR. Thus these proteins are in a position to mediate the higher form of potentiation. Furthermore, barium does not substitute efficiently for calcium even at micromolar concentrations (Chao et al., 1984; Richardt et al., 1986; Gupta et al., 1990) and may account for why the higher form of potentiation is not attained in homomeric currents recorded in barium solutions.
In contrast to the homomers, heteromers demonstrate the high level of potentiation in barium. Assuming a conserved mechanism of potentiation, these conflicting results may be resolved if barium, at greater than micromolar concentration, can substitute at key calcium-sensitive processes. Heteromeric currents are ϳ25-50 times larger than homomeric currents. Additionally, barium is not sequestered as efficiently as calcium (Sihra et al., 1993) . If heteromers form clusters of channels producing large local currents, then the internal concentration of barium may be sufficiently high to activate the calcium-dependent processes involved in the C1-mediated effect. A similar mechanism has been proposed to underlie the inefficiency of barium substitution for calcium in NMDAR inactivation (Krupp et al., 1996) . An intriguing observation presented here is that calcium may have differential effects in the potentiation of the heteromers, with the NR2A heteromers demonstrating a higher calcium sensitivity in attaining the higher level of potentiation, whereas in NR2B heteromers, the C1-block to the higher form of potentiation itself may be mediated by calcium (Fig. 6 A-D) .
The physiological relevance of the findings presented here is supported by anatomical data that indicate the segregation of neuronal populations based on the presence or absence of the C1 exon (Sheng et al., 1994; Laurie et al., 1995; Z hong et al., 1995; Zukin and Bennett, 1995) . Furthermore, the receptor subunit composition and distribution pattern is developmentally regulated in rat brain (Watanabe et al., 1993; Monyer et al., 1994) , with N R2A subunits incorporating into f unctional N R1/NR2A heteromers and N R1/ N R2A / N R2B heterotrimers in the neocortex and striatum only after postnatal day 7 (Sheng et al., 1994; Zhong et al., 1995; Portera-C ailliau et al., 1996) . Before this time, NR2B subunits dominate heteromeric NMDAR complexes, and their presence is thought to be important during developmental plasticity (Monyer et al., 1994; Portera-C ailliau et al., 1996; Sircar et al., 1998) . The increased incorporation of the N R2A subunit into receptor complexes during development of the forebrain predicts a greater C1-block to current potentiation and suggests that different sensitivities of the receptor to PKC activity may be required at different stages of synaptogenesis. The developmentally regulated incorporation of N R2A subunits into heteromeric NMDAR complexes has other f unctional consequences such as the decrease in ifenprodil sensitivity (Williams et al., 1993; Zhong et al., 1995) and the faster kinetics of NMDAR EPSC s (Monyer et al., 1994; Flint et al., 1997) . In combination with other receptor properties that change during development, the decrease in sensitivity to PKC as a consequence of N R2A incorporation into NMDARs may contribute to a developmental loss in cortical plasticity.
The results from this study represent the first complete characterization of the PKC -mediated potentiation of the NMDAR splice variants expressed not only as homomers but also as heteromeric assemblies, which are thought to be the more physiologically relevant form. A clear role for the C1 exon in mediating the potentiation is shown in all assemblies in which the presence of the exon leads to a lower form of potentiation. This C1 effect in turn is modulated by the heteromeric assembly, with NR2A subunits conveying a greater sensitivity to the effect than NR2B subunits. This has widespread implications in the processing of synaptic events because the control of response can be regulated at the transcriptional level.
